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Transpiration Control for Sustainable Deep Space Food Production 

Abstract 
The next step for the National Aeronautics and Space Administration (NASA) is pursuing deep space 
flight missions. Deep space missions can be enhanced by growing food in space as prepackaged dried 
food loses nutrients over time. There are already plant growth modules on the International Space 
Station (ISS) like the Advanced Plant Habitat (APH) which has successfully grown lettuce. However, 
growing plants on a spacecraft adds a greater burden on the air concentration monitoring systems as 
they take part in recycling carbon dioxide, oxygen, and water. This puts a strain on energy usage as the 
spacecraft needs to dehumidify excess water vapor released by the plants. Therefore, a new growth 
system is proposed that controls plant transpiration to reduce the energy burden. To support 
transpiration control, the project objectives included 3D printing a plant growth module, recording the 
transpiration rate at specified aerial conditions, and investigating the optimal wall material considering 
biofilm growth and biocompatibility. A bacterial concentration serial dilution was performed and 
determined that a thin plastic sheeting was the best at minimizing biofilm growth when a biocompatible 
biocide was applied. Additionally, the module was able to record the transpiration rate and maintain 
stable conditions for testing. By reducing the relative humidity from 75% to 30%, 0.978 W at 25°C and 
0.378 W at 30°C are saved per plant in dehumidification energy cost 
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Introduction 
Currently the diet of an astronaut is composed of supplements and freeze-dried foods. A previous study 
found that astronauts on average obtain only 60% of their recommended calories (Bugos, 2021). Lack of 
proper nutrients in space can escalate the degradation of bone and muscle mass. Fresh fruits and 
vegetables provide adequate nutrients but have been disregarded for space applications due to their 
low shelf life and space requirements. NASA has attempted to design space foods such as supplements, 
phytochemicals, and freeze-drying food to conserve space while providing nutrition to astronauts 
(Bugos, 2021). 
 
One goal of NASA is to make deep space missions feasible for astronauts (Loff, 2015). Deep space 
missions would need to sustain the health of the astronauts without resupply missions for food. There 
have been two plant growth habitats on the International Space Station: The Veggie and the Advanced 
Plant Habitat (APH) implemented in 2014 and 2017 respectively. These were designed to conduct 
fundamental and applied plant research (Monje, et al. 2020). They have thus shown that growing plants 
in space is feasible, but the modules ignore energy considerations. Growing plants on a spacecraft adds 
more factors to consider for the air concentration monitoring systems as they take part in recycling 
carbon dioxide, oxygen, and water. This puts a burden on the spacecraft as it will need to account for 
the changing environmental factors to maintain stable conditions for the astronauts. 
 
A novel approach to addressing energy usage is by controlling the natural plant phenomenon: 
transpiration. During transpiration, water is absorbed through the roots and then transported to the 
leaves through the xylem where the water may be used for photosynthesis or transpired. Depending on 
the growth stage of plants, as much as 95% of the water absorbed can be transpired (McElrone et. al, 
2013). If transpiration can be controlled to minimize the water evaporated the energy use associated 
with recycling water could be reduced. This is important to NASA as all the water used needs to be 
recycled. Transpiration control also directly impacts bioregeneration control such as oxygen production, 
plant growth rate and the required labor to sanitize crops. Excess water droplets associated with a 
higher humidity by the plant increases the risk of higher disease pressure and algal growth. Indirect 
impacts are allowing a smaller water delivery system to conserve space, and non-destructive plant 
growth monitoring as minimizing the transpiration rate would slow plant growth. 
 
Transpiration control can be accomplished by changing the environmental conditions surrounding the 
plant. Many factors influence the transpiration rate of plants including temperature, relative humidity, 
air speed, and carbon dioxide. A summary of how those factors impact the transpiration rate can be 
found in table 1. 
 

Table 1: Transpiration Effect on Environmental Factors 
Environmental Factors  Transpiration Rate  
Increase temperature  Increase  

Increase relative humidity  Decrease  
Increase wind and air movement  Increase  

Increase carbon dioxide  Decrease 
 
A system that controls plant transpiration is also applicable to indoor farming as the plant environment 
can be easily controlled to minimize water usage and subsequent biofilm growth. Biofilms pose a health 
risk as they can harbor pathogens as well as take nutrients and light from the plants (Zea, 2022). 
Development of biofilms has already been observed on the ISS and has jeopardized spacesuits, water 
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units, radiators, and windows (Zea, 2022). Determining a way to control biofilm development will be 
paramount for the implementation of lettuce growth on the ISS. 
 
Objectives 
This project utilized transpiration control to reduce energy usage associated with dehumidification in a 
plant growth module in space. To accomplish this, a prototype module that demonstrates the possible 
energy savings through transpiration control was created. Wall materials were also tested to determine 
which one is best at reducing biofilm formation. The module is only applicable in indoor terrestrial 
locations due to the use of a scale to measure transpiration. Therefore, an evapotranspiration (ET) 
computer model that predicts the transpiration of the plant was created to bypass the need to obtain 
the transpiration rate using a lysimeter A graphical user interface was also created so users can specify a 
desired ET rate and obtain conditions the module should be set to. By 3D printing a prototype module, 
providing preliminary tests on transpiration control of lettuce, developing a predictive ET model code, 
and a graphical user interface, the project serves as a tool for transpiration control.  
 
Initial Design 
Similar to the APH, the initial design was a semi-closed loop system to minimize energy input needed to 
maintain an elevated temperature and relative humidity for the plants than the surrounding 
atmosphere on the space station. Transpiration control is possible by changing factors listed in Table 1, 
so a primary design contained a fan, dehumidifier, and a carbon dioxide pump. However, this idea was 
quickly discarded as passive heat and mass transfer could occur through the walls of the module. To 
increase the passive heat and mass transfer the walls were also going to be ruffled to increase the 
surface area. However, this would allow more water droplets to collect away from forced air flow 
providing more opportunities for biofilm growth. A figure showing the initial design can be seen in figure 
1 where grow lights were at the top, the module was able to house 4 mature lettuce plants, and there 
were intake and output vents at the top. Fans would be angled so that water would condense on the 
walls and be pushed down into the water supply for reuse by the plant. 
 

 
Figure 1. Initial plant growth module 
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Mature lettuce was used inside the module for testing due to being fast growing and requiring less light 
than other types of produce. Lettuce is also a common plant used in current space research and indoor 
farming. 
 
Design Approach 
The finalized prototype module design was first uploaded into SolidWorks to ensure the structural parts 
fit together and hosted the wiring and hardware so that it reduced any electrical safety hazards. The 
module would then be 3D printed, assembled, and used to test how well the transpiration of the plants 
could be controlled. 
 
An experiment was performed to determine the transpiration rate of a mature lettuce plant based on 
desired conditions once the module was 3D printed. This experiment recorded the weight loss of a 
mature lettuce plant over 4 hours. The timeframe of 4 hours was chosen to assume the only weight 
change was from plant transpiration instead of mass gain. A lysimeter scale was used to send data to a 
downloadable program every 0.26 seconds. The Humitter 50Y temperature and relative humidity sensor 
recorded the aerial conditions every 0.5 seconds. This data was collected using an Arduino and streamed 
to an Excel sheet. Figure 2 shows the experimental set up, where a lettuce plant was placed in the 
module when the LED lights were on. Prior to testing, the desired conditions of the module reached 
steady state and the rockwool holding the lettuce plant was saturated in a nutrient solution for 10 
minutes. The plant was also placed in a Ziploc bag with a small opening at the top so that transpiration 
only occured through the plant leaves. 
 

 
Figure 2. Transpiration experimental set up 

 
To ensure the data was consistent at each condition, one condition was replicated three times with 
different plants as seen in Table 2. Room temperature conditions were 25°C and 30% relative humidity 
which determined the baseline conditions to test. Next, the team wanted to see the influence of 
humidity change on the transpiration rate, so a relative humidity of 75% was obtained. Instead of 
waiting for the plant to transpire enough water into the air to reach those conditions, a cup of water 
was placed in the module before the tests were recorded. On particularly dry days, the module was 
placed near a humidifier to ensure the conditions reached 75%. Additionally, the temperature was 
increased to 30°C using a heat lamp next to the module. This was chosen to see how the transpiration 
rate would change if the module were to be placed in high heat conditions. 
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Table 2. Transpiration control experiment test conditions 
Test Plant ID Temperature Relative Humidity 

1 1 
25°C 30% 2 2 

3 3 
4 1 

30°C 30% 5 2 
6 3 
7 1 

25°C 75% 8 2 
9 3 

10 1 
30°C 75% 11 2 

12 3 
 
Based on available sensors, the radiation and air speed were collected once and assumed to be constant 
for all 12 tests. Transpiration control experimental results were analyzed using a MATLAB code located 
in Appendix C. The code was used to find the average temperature, humidity, and ET rate per test.  
 
To compare the data, the ET rate was plotted over vapor pressure deficit (VPD) which is a function of 
temperature and humidity (Prenger & Ling, n.d.). Since both relative humidity and temperature 
impacted the transpiration rate, a value that was able to relate the two was needed.  A high VPD 
indicates low saturated air allowing for more transpiration to occur since a cooler temperature allows 
less water vapor into the air whereas a hotter temperature results in higher water vapor in the air.  
 
To allow the transpiration module to be used in space without the requirement of a lysimeter to record 
the weight change of the plant, an ET model was adapted. The inputs for this model would be the 
environmental conditions which would then predict the transpiration rate of the plant to be used by 
researchers. There are many models used that estimate ET, but the combination method named 
Penman-Monteith model served the purposes of the transpiration control project the best due to its 
simplicity.   
 
The reference ET model was used as it provides a way to relate the transpiration of certain crops to 
others, so a future study could be done comparing radishes versus the current lettuce crop (FAO, n.d.). 
This model also eliminates the variation of crop sizes, so only environmental factors need to be included 
instead of also finding crop specific coefficients such as stomatal conductance. Input requirements for 
the model include sensor input of net radiation, temperature, wind speed, and humidity which is further 
explained in Appendix B. The soil heat flux density was ignored because this is a controlled indoor 
application with little to no heat change in the soil.  
 

𝐸𝑇 =
. ( ) ( )

( . )
     ,    

Equation 1. Reference ET model 
 
The data for the transpiration experiment was taken hourly, as a daily value would eliminate the 
assumption that the mass weight gain by the plant can be ignored. An additional derivation was needed 
to convert equation 1 to per hour as shown in equation 2 (FAO, n.d.). It can be assumed that the 
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millimeters of surface depth obtained in equation 1, is millimeters per leaf area since each plant is 
placed in a bag so the only weight loss is from the plant leaves. This equation can be further modified by 
multiplying the top canopy area, the density of water, and equation 2 to convert the units to g/hour 
which is what the lysimeter outputs.  
  

𝐸𝑇 =
. ( ) ( )

( . )
∗ 0.000997 ∗ 𝑇𝐶𝐴         ,   

Equation 2. Modified Reference ET model 
 
The experimentally determined ET rates were compared to the prediction derived from Equation 2 in a 
MATLAB code found in Appendix C. A graph was created for each test of actual and expected water 
usage over time. The comparison data was visually compared based on the difference in the rate of 
transpiration between expected and measured. The previously stated transpiration analysis code was 
used to input the average humidity and temperature per hour into a separate code.  
 
This additional code also requires the top canopy area of the plant. A third code was developed to 
determine the top canopy area of each plant found in Appendix C. An image was taken before running 
each test of the plant with a reference of a known area (i.e., quarter coin or 1”x1” square) that converts 
the number of pixels in the image to an area. After inputting the leaf area at the time of testing, the 
second code outputs the amount of water transpired per hour. The amount of water was then inputted 
into the transpiration analysis code to obtain the expected ET rate.  
 
The module can be optimized by selecting advantageous wall material. To investigate the optimal wall 
material that reduces the formation of biofilms, different enclosure wall materials were tested. The 
tested materials were plastic, aluminum, a hydrophobic material used in greenhouses, and a medical 
grade antimicrobial material. Pseudomonas aeruginosa bacteria were applied on each material. This 
organism was chosen as a reference microorganism to ensure the grown biofilm was safe for testing. 
The response variables in this test were the number of colonies present after a 6x6 serial dilution. 
Following this experiment, a quantifiable number of bacteria growths were obtained through colony 
forming units (CFU) per mL. Figure 3 shows the experimental set up. 
 
 

 
Figure 3: Wall Material Selection Set Up 

 
The team ensured the biocide coating and materials were safe for the plants for applications in space by 
conducting an experiment on plant-biocide compatibility. Twenty lettuce seeds were placed in each 
petri dish and then the petri dishes were sealed with parafilm and incubated under the LED lights where 
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the lettuce was currently growing. The number of germinated and sprouted seeds were recorded every 
day for a week. The set up for this experiment can be found in figure 4.  
 

  
Figure 4: Plant Biocompatibility Set Up 

Results 
The final plant module was designed to be a semi-closed loop system that allows humidity to 
accumulate within the chamber walls and vent the humid air when either the temperature or humidity 
within the chamber gets too high. The chamber was designed to house a single lettuce plant and 
measured 30 cm on each side and 40 cm high, with constant on/off lighting intensity and wavelength of 
150 to 250 µmole/m2/sec. This downsize from the initial design was due to equipment cost and 3D 
printing time. The chamber environment was monitored by a temperature and humidity Humitter50Y 
sensor that was connected to an Arduino. A vent damper in the middle of the top plate controlled by a 
servo motor opened when a fan just below the vent opening turned on, pushing air out of the chamber. 
Simultaneously, a damper on the bottom plate opened by another servo motor to allow air from the 
bottom of the module to be pulled up and replace the air exiting out of the top plate. A SolidWorks 
figure showing the module can be found in figure 5. The ruffled wall material and angled fans from the 
initial design was discarded due to a focus on the transpiration testing. Time did not allow testing of the 
heat and mass transfer of each proposed wall material.  

  
Figure 5. SolidWorks Model of Prototype Module prior to 3D printing 

 



10 
 

While lighting was not the focus of this experiment, there were LED lights placed on the top plate to 
provide the necessary light energy for photosynthesis. The module used smart lighting to reduce energy 
waste from lighting non-plant area by not turning on the outer lights when the plants were smaller and 
needed less light. This 3D growth chamber fit the needs of the project but can also be used for 
additional projects as it includes an Arduino based modular data acquisition and control system, 
monitoring capabilities for transpiration rate, relative humidity, performance, radiation, and air velocity. 
The Arduino control system allows control of independent aerial variables such as the relative humidity 
and temperature by controlling when and how long the vent is open.  
 
Once the parts were verified to fit using the SolidWorks design, the module was 3D printed shown in 
figure 6. However, after testing some items needed to be adjusted. the heights of the Humitter sensor 
holder and the internal mixing vent. Originally these heights were much lower, but due to the additional 
height of the lysimeter and size of the rockwool substrate the heights of the components needed to be 
raised about 3 inches. Another change made was the use of magnetic strips to hold the plastic wall 
material instead of tape. Changing to magnets allowed for easier access to the internal chamber and a 
good seal around the aluminum legs. 
 

 
Figure 6. Final 3D printed module with adjustments 

 
The most important success metrics for the system were to maintain a stable humidity and temperature 
over an extended period of 4 hours. It was desired for the temperature to stay within ±3°C and the 
humidity to stay within ±10% RH. Another success metric was limiting the total power draw of the 
system to be less than the VEGGIE system that is currently on the ISS. The Veggie system currently draws 
about 70 watts whereas the prototype module draws 25 watts when active (NASA Facts, 2020).  
 
The results from the transpiration experiments showed that VPD increased with a higher transpiration 
rate as seen in Figure 7. This was expected because a higher VPD indicates lower saturated surrounding 
air resulting in the plant opening the stomata to allow more transpiration to occur. From the results, the 
change in relative humidity had a larger impact than the temperature change. It is unreasonable to 
expect the temperature of the system to go above 30°C, but the system could reach a humidity closer to 
90%; thus, the major factor in changing the transpiration rate is relative humidity. By comparing the 
transpiration change from 75% to 30% at the two temperatures, it can be concluded that the 
transpiration decreased by 53% at 25°C and by 23% at 30°C.  
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Figure 7. Average Aerial Condition Effect on Transpiration per Plant 

 
The module needed to remain stable throughout the 4 hours of testing to allow for a constant 
transpiration rate. Figure 8 shows the module had a linear trend that varied ±2°C and ±7% RH.  Some 
tests remained more consistent than others. Test 10 varied the most in terms of temperature and 
relative humidity, which had a larger deviation from the expected ET rate, showing the variability 
influences the expected ET rate. 
 

 
Figure 8. Linear regression lines of temperature and humidity conditions of each replicate 
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Each test had a varying accuracy result. Figure 9 shows the most accurate prediction and the least 
accurate prediction out of all 12 tests. Radiation and air speed were assumed to be constant for all tests 
and measured to be 35 W/m2 and 1.05 m/s respectively. Varying types of error influenced the accuracy 
of the model. Systematic error is due to assuming a constant CO2 concentration of 700 ppm, constant air 
speed, as well as assuming that the top canopy area was equivalent to the total leaf area. Random error 
occurred due to imaging for the top canopy area, as there was not enough contrast in some of the 
images to obtain a definite area. Each leaf was also not completely spread out, which in turn made the 
area much smaller in some images. In order to determine the amount of error present in the top canopy 
area, the total leaf area for each plant was calculated. This was done by tearing apart each plant and 
imaging each leaf. The average percent error was found for each plant using the average top canopy 
area and total leaf area.   

 

 
Figure 9. ET model comparison from test 2 and 10 

 
It was determined that the average percent error in the top canopy area for plants 1, 2, and 3 
respectively was 43.51%, 55.15%, and 18.46%. This indicates that the images were not as accurate as 
they could be. Values of top canopy area and total leaf area can be seen in table 3 below. Differences in 
the top canopy area for the same plant can be seen below. For example, in figure 10, the photo on the 
left had a top canopy area of 6.9797 * 104 mm2 whereas the photo on the right had a top canopy area of 
6.3597 * 104 mm2. 

 
Table 3: Top canopy area analysis 

Plant ID Average 
Top Canopy 
Area (mm2 
* 10^4) 

Total Leaf 
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1 5.3912 9.5427 43.51 
2 6.5642 14.6107 55.15 
3 4.6163 5.6612 18.46 

 

 
Figure 10: Variation in top canopy area imaging for plant 2 

 
From the biofilm minimization investigation, the serial dilution seen in figure 11, did not produce a 
consistent decrease in the number of colonies by a factor of 10. However, this data was able to be used 
to see how many colonies of P. aeruginosa bacteria were present on the material at certain dilutions. 
Looking at the 10-4 column from table 4, plastic with biocide treatment and aluminum with biocide 
treatment had the smallest quantities of colonies. Plastic and aluminum with no biocide had a countable 
number of colonies on the 10-4 dilution respectively at 16 and 18, but this was still more than with the 
biocide. The greenhouse and antimicrobial material with and without biocide treatment all had an 
uncountable number of colonies. This is likely due to the fact the material was extremely hydrophobic 
such that when the bacteria solution was placed and spread on the material the bacteria remained in a 
clump. Thus, when collecting for the serial dilution the bacteria was still in a large quantity since it could 
not spread out as well as it did on plastic or aluminum.  
 

 
Figure 11: 6x6 Serial dilution plate results 
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Table 4. Serial dilution bacterial colony count results 
 10^0 10^-1 10^-2 10^-3 10^-4 10^-5 

Control ++ ++ ++ ++ + 4 
Aluminum No Biocide ++ ++ ++ + 18 3 

Aluminum Biocide ++ ++ ++ + 11 4 
Plastic No Biocide ++ ++ ++ + 16 2 
Plastic Biocide ++ ++ ++ + 7 3 
Greenhouse No Biocide ++ ++ ++ + + 37 
Greenhouse Biocide ++ ++ ++ + + 48 
Antimicrobial No Biocide ++ ++ ++ + + 52 
Antimicrobial Biocide ++ ++ ++ + + 54 
 
All the seeds fully germinated except for the greenhouse material with biocide up which had one seed 
that did not germinated.  It is normal for not all seeds to germinate as some seeds are just bad from the 
batch. Biocide down did not influence seed germination so there was no leaching of the biocide 
chemicals. Biocide up did not influence the lettuce seed germinations so there was no issue with biocide 
chemicals gassing off into the atmosphere.  Something that was interesting to notice was the decrease 
in number of seeds that fully sprouted when biocide was present. Looking at Figure 11, for greenhouse, 
antimicrobial, and plastic approximately 50% of the seeds that germinated fully sprouted when biocide 
was present. There was no correlation if that had more to do when biocide was up or down. This could 
be tied to lettuce not having enough water in the controlled test environment due to biocide making the 
water evaporate faster.   
 

 
Figure 11: Plant Biocompatibility Day 6 Results 

 
Final Design 
The biofilm experiments suggested the final design of the module should use plastic sheeting to 
minimize biofilm growth. This sheeting would also include the spray on biocide which is not harmful to 
the growth of lettuce.  
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Based on the results, the module successfully controlled the transpiration rate. The results from figure 7 
and the latent heat of vaporization of water of 2257 kJ/kg, can be used for an analysis of how much 
energy would be needed to convert the transpired water vapor back into liquid water. The recycled 
water would then be used by the plant or the astronauts. An example calculation can be found in 
Equation 3. Using the conversion, lowering the transpiration rate saved an estimated 0.978 W at 25°C 
and 0.376 W at 30°C per plant in dehumidification energy cost. These results show that the transpiration 
rate can be controlled and can be impactful when growing plants on a large scale. Additionally, once a 
sensor to measure the carbon dioxide rate is implemented, the ET model is likely able to be used in 
space to accurately predict the transpiration rate. 

 

0.049
𝑔

𝑚𝑖𝑛 ∗ 𝑝𝑙𝑎𝑛𝑡
− 0.023 

𝑔

𝑚𝑖𝑛 ∗ 𝑝𝑙𝑎𝑛𝑡
× 2257

𝑘𝐽

𝑘𝑔
×

1 𝑘𝑔

1000 𝑔
×

1 𝑚𝑖𝑛

60 𝑠𝑒𝑐
×

1000 𝐽

1 𝑘𝐽
= 0.978

𝑊

𝑝𝑙𝑎𝑛𝑡
 

Equation 3. Dehumidification energy conversion at 25C 
 
As this project aimed to be a tool for astronauts a Graphical User Interface (GUI) was created so that the 
desired environmental results could be outputted based on the inputted ET rate. This was developed 
using MATLAB which displayed experimental determined results in a user-friendly manner as shown in 
figure 12. The MATLAB code used can be found in Appendix C. The GUI works by allowing the user to 
choose an ET rate determined from experimentation in which the corresponding necessary humidity 
and temperature are the output. A scatter plot and trendline was displayed of the ET rate, temperature, 
and humidity as well as the ET rate and VPD experimental results. The ET rate and VPD graph is shown 
as it is a measure of both relative humidity and temperature. The specific points of desired ET rate and 
corresponding VPD, temperature, and relative humidity are also labeled as starred datapoints on the 
graphs. A higher ET rate corresponds with more lettuce growth whereas a lower ET rate corresponds 
with a greater energy conservation. This can be useful for astronauts to determine what ET rate fits their 
needs. 
 

 
Figure 12: GUI with experimental data 
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Conclusion 
Transpiration control has benefits for both space and terrestrial applications as it can save energy cost 
and overall water usage. However, it is a balancing act of a complex biological system. Plants require 
most of the water to be transpired to create a gradient that transports nutrients and carbohydrates to 
all parts of the plant. Additionally, the control of transportation using passive transport of relative 
humidity and temperature is limited to the added heat by the LED lights and the water vapor expelled by 
the plants. Thus, the transpiration rate can only be changed so much without the addition of a heat 
lamp or water source. This module also assumes radiation, air velocity, and carbon dioxide are fixed. 
Modifying those factors could further change the transpiration rate limits.  
 
A semi-closed system prototype module was created that maintained stable conditions and is provided 
as a tool for transpiration control. This technology aids NASA in making deep space exploration possible 
by providing astronauts with fresh nutrients to stay healthy. Transpiration control was achieved by 
testing different aerial conditions lowering the relative humidity to 30% and the temperature to 25°C. A 
higher VPD correlated with a higher ET rate, meaning that as the temperature and humidity were 
increased, the ET rate was also increased. The energy savings in dehumidification was measured to be 
0.978 W at 25°C and 0.376 W at 30°C per plant were recorded. The thin plastic material is the best 
proposed material to use for the walls of the module due to its low biofilm formation when biocide was 
applied. The biocide does not inhibit lettuce seed germination. Both an ET model code and a GUI were 
created to ensure this project could be readily implemented in space. The ET model showed a similar 
correlation to the recorded mass transpired. The GUI allows the project to work backwards, so 
researchers can determine the aerial conditions based on the desired ET rate. 
 
It is recommended that further tests with the module at various wind speeds, at high and low 
temperature, pushing the limits of tipburn development, and optimizing air flow computation would 
ensure the model is functioning properly. Looking further at biofilm growth, it would be beneficial to 
explore growth in other areas of the module instead of just the walls and interaction of algae growth 
near the water supply. For future capstone teams or other advancements, it would be beneficial to 
investigate some of the recommendations discussed.  
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Appendix B. Equations  
ET model Derivation and Variables 

𝜆𝐸𝑇 =
( )

( )
 (4) 

The aerodynamic resistance variable, ra is equal to: 

𝑟 =
.

     ,   (5) 

Given the reference crop height is 0.12m and wind speed, temperature, and humidity is taken at 2 m (Zm=Zn=Z). 
The equation is simplified to: 

𝑟 =

( )( . )

. ( . )

( )( . )

( . )( . )( . )

.
=     ,   (6) 

The bulk surface resistance variable, rs is equal to:  
𝑟 =       ,  (7) 

Where  𝐿𝐴𝐼 = 0.5 ∗ 𝐿𝐴𝐼 = 0.5 ∗ 24 ∗ 𝑐𝑟𝑜𝑝 ℎ𝑒𝑖𝑔ℎ𝑡 and 𝑟 = 100  under well-watered conditions. Given the 

crop height, h=0.12m, rs becomes: 

𝑟 =
. ∗ ∗ .

= 70  (8) 

Radiation is converted into mm/day through the following conversion factor: 

𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =
 

∗

.
= 0.408 ∗ 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 (

∗
) (9) 

The following relationships refer to the second term in the numerator.  

𝐶 =  (10) 

𝜌 =  (11) 

𝑇 = 1.01(𝑇 + 273) (12) 
Using equations 10, 11 and 12, the second term in the numerator can be simplified to: 

=
. ( ) ( )

𝜇 , (
∗° ∗

) (13) 

This can be further simplified by I=245 for the conversion factor. 

= 𝛾
( )

𝜇 , (
° ∗

)  (14) 

Using equations 6, 8, 13, 14 into equation 3 will simplify the Penman-Monteith model to: 

𝐸𝑇 =
. ( ) ( )

( . )
     ,  (1) 

To convert this into usable units, and since the data is collected per hour instead of per day, equation 2 is 
simplified to equation 15. 

𝐸𝑇 =
. ( ) ( )

( . )
     ,  (15) 

Since there is no additional surface area contributing to transpiration in this system, the mm/hour units can be 
assumed as the mm per leaf area. Therefore, equation 14 can be converted to equation 3. 

𝐸𝑇 =
. ( ) ( )

( . )
∗ 0.000997 ∗ 𝑇𝐶𝐴    ,  (2) 

 
Variable  Definition Required Data or sensor Equations Used 
ETo Reference 

evapotranspiration [mm 
day-1] 

Output 

 

Rn Net radiation at the crop 
surface [MJ m-2 day-1] 

Assumed 14.33 [MJ m-2 
day-1] based on existing 

N/A 
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data and since the 
radiation sensor was 
unsuccessful in 2019. 

G Soil heat flux density [MJ 
m-2 day-1] 

Small, ignored N/A 

T Air temperature at 2 m 
height [°C] 

Temperature sensor N/A 

u2 Wind speed at 2 m 
height [m s-1] 

Wind speed sensor N/A 

es Saturation vapor 
pressure [kPa] 

Relative humidity sensor 

  
ea Actual vapor pressure 

[kPa] 
Relative humidity sensor  

  
es - ea Saturation vapor 

pressure curve [kPa] 
N/A es - ea 

D Slope of vapor pressure 
curve [kPa °C-1] 

Average Temperature 
(daily) 

 

  
g Psychrometric constant 

[kPa °C-1]  
Atmospheric pressure 

 
 

TCA Top canopy area 
(mm^3) 

Lettuce image N/A 

 
VPD Calculations and Variables 

𝑣𝑝 = 𝑒 ∗  ( )  (16) 
 

Variable Definition 
Saturation Vapor Pressure of Air in PSI 𝑣𝑝  

A -1.0440397*10^4 
B -1.1294650*10^1 
C -2.7022355*10^-2 
D 1.2890360*10^-5 
E -2.4780681*10^-9 
F 6.5459673 

T Temperature of air in °R 
°R =°F+459.67 

 
𝑣𝑝 = 𝑣𝑝 ∗  (17) 

 
Saturation Vapor Pressure of Air in PSI 𝑣𝑝  
Relative Humidity (%) RH 

 
𝑉𝑃𝐷 = 𝑣𝑝 − 𝑣𝑝  (18) 
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Appendix C. MATLAB and Arduino Codes 
Code C1. Transpiration Experiment Analysis 
temp(1,:)=readmatrix('Test10_Analysis.xlsx','Sheet','Sensor Raw','Range','B4:B28572');  
RH(1,:)=readmatrix('Test10_Analysis.xlsx','Sheet','Sensor Raw','Range','A4:A28572');  
lys(1,:) = readmatrix('Test10_Analysis.xlsx','Sheet','Lysimeter Raw','Range','D2:D51149');  
lys(2,:) = readmatrix('Test10_Analysis.xlsx','Sheet','Lysimeter Raw','Range','F2:F51149');  
  
%% Get average for sensor data 
% Return array for every hour for RH and temp sensor data 
n_sensor = 60*60*2; %Temp and RH Sensor taken every half a second, and want average every hour 
%3*n_sensor=21600 
temp2=temp; RH2=RH; %So can take average of first 3 hours, and fourth later 
T_avg3=mean(reshape(temp2(1:3*n_sensor), [n_sensor, 3])); % average per hour every n values 
RH_avg3=mean(reshape(RH2(1:3*n_sensor), [n_sensor,3])); % average per hour every n values 
  
T_avg=[T_avg3 mean(temp(3*n_sensor+1:length(temp)))] 
RH_avg=[RH_avg3 mean(RH(3*n_sensor+1:length(RH)))] 
  
time_sen=1:length(T_avg); %time per hour 
  
%% Get average for sensor fluctuation data 
% Return array for every hour for RH and temp sensor data 
n_f = 60*2; %Temp and RH Sensor taken every half a second, and want average every minute 
rem_temp = rem(length(temp), n_f); 
DiR=length(temp)-rem_temp; %divisible Range 
  
temp_f=temp; RH_f=RH; %So can take average of first 3 hours, and fourth later 
T_avg3_f=mean(reshape(temp_f(1:DiR),[n_f,DiR/n_f])); % average per min every n values 
RH_avg3_f=mean(reshape(RH_f(1:DiR), [n_f,DiR/n_f])); % average per min every n values 
  
T_avg2=[T_avg3_f mean(temp(DiR+1:length(temp)))]; 
RH_avg2=[RH_avg3_f mean(RH(DiR+1:length(RH)))]; 
  
time_fluc=1:length(T_avg2); 
%% Code for lysimeter data 
totTime = 0; 
splits = zeros(2,length(lys)); 
j = 1; 
  
for i = 1:length(lys) %running through every column/data point 
    totTime = totTime + lys(2,i); %summing up the times 
    if totTime >= 299.5 && totTime <= 300.5 %sum is within ideal range 
        splits(1,j) = i; %getting the value at a minute 
        splits(2,j) = totTime; %seeing the actual time 
        j = j + 1; %keeping track of splits index 
        totTime = 0; %resetting the time to count all over again 
    end 
end 
  
no_zeros = nonzeros(splits); 
splits = reshape(no_zeros,2,length(no_zeros)/2); 
 lys_avg = zeros(1,length(splits)); 
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for r = 1:length(splits(1,:))  
     
    if r == 1 
        lys_avg(r) = mean(lys(1,1:splits(1,r))); 
    else 
        lys_avg(r) = mean(lys(1,splits(1,r-1):splits(1,r))); 
    end  
     
end 
 
time_lys = 5:5:length(lys_avg)*5; %time every 5 minutes 
  
%% create plots 
%Should have an array of 4 values (one per hour) for the sensor data 
%Input this array into ET matlab code and input answer into this code or 
%input excel files into ET code to get values 
  
figure 
yyaxis left 
plot(time_fluc,T_avg2,'b') 
title('Test 7: Fluctuation Analysis') 
xlabel('time, minutes') 
ylabel('Temperature, Degrees C') 
  
yyaxis right 
plot(time_fluc,RH_avg2,'g') 
ylabel('Relative Humidity, %') 
  
%Plot 
trend=lys_avg\time_lys; %should have an array of 240 values (one per minute) for lysimeter 
  
figure 
plot(time_lys,lys_avg,'*-') 
 
hold on 
ET=[0  0.0833    0.0854    0.0866    0.0880]; %Replace with ET data, include zero as first value 
  
time_ET=[0 60 120 180 240]; 
ET_trend=ET.*time_ET; 
  
plot(time_ET,ET_trend,'r-.','LineWidth', 1) 
title('Test 11. Water usage measured and expected') 
xlabel('time, minutes')  
ylabel('water evaporated, g') 
legend('lysimeter', 'ET model') 
  
AVG_all=[mean(T_avg) mean(RH_avg2) mean(ET) mean(lys_avg/time_lys)] 
Ranges=[min(T_avg2) max(T_avg2) min(RH_avg2) max(RH_avg2)] 
 
Code C2. ET model 
clc 
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clear 
disp('ET Model') 
  
%Variables and data to import/enter into model 
time=[1 2 3 4]; %hour 
temp= [28.2366   28.7543   29.0177   29.3181]; %average Degrees C per hour 
humidity= [70.5877   72.4821   69.2976   66.1649]; %average percent per hour 
  
radiation=0.126; %MJ/(m^2*hr) net radiation at the grass surface 
height=0.0508; %meters above plants sensor is placed at ignored due to too small for model 
wind_velocity=1.05; %Wind speed at Z m height (m/s) 
area_canopy=6.4351E4; %Top canopy area (mm^2) 
  
co2= [700 700 700 700]; %average ppm measured per hour, assumed 
  
%Equations and variables from FAO.org unless otherwise stated 
%Daily Temperature data from sensors 
T=temp; %Average degrees C taken hourly 
  
delta=(4098.*(0.6108.*exp(17.27.*T./(T+237.3))))./(T+237.3).^2; %Slope of vapor pressure curve (kPa/Degrees C) 
  
%Pressure and related variables  
P=101.3*((293-(0.0065*226))/293)^5.26; %kPa, assumed constant 
y=0.001013*P/(0.622*245); %kPa/Degrees C 
  
%To find VPD 
RH=humidity; %Average hourly relative humidity 
e_T=0.6108.*exp(17.27.*T./(T+237.3)); %Saturation vapor pressure at air temperature T_hour (kPa) 
e_a=e_T.*RH/100; %average hourly actual vapor pressure (kPa) 
VPD=e_T-e_a; %Saturation vapor pressure deficit (kPa) 
  
Rnet=radiation;%MJ/(m^2*hr) net radiation at the plant surface %measured using a Pyranometer 
  
G=0; %Soil heat flux density is negligible  
  
%Wind speed 
h=height; %meters above plants sensor is placed at 
uh=wind_velocity; %Wind speed at Z m height (m/s) 
u2=uh*(4.87/log(67.8*h-5.42)); %Convert our measured height to 2 meters to fit model assumptions (m/s) 
  
u2=uh; %assume equal since source is closer to plants so would decrease at 2m 
  
%CO2 and consequent variables are from Islam, 2012 "MODELING THE EFFECT OF ELEVATED CO2 AND CLIMATE 
CHANGE ON REFERENCE EVAPOTRANSPIRATION IN THE SEMI-ARID CENTRAL GREAT PLAINS" 
%CO2 Variable 
co2_net=co2; %ppm 
  
%Regular conductance 
g=0.0485-7.*10.^-5.*co2_net+3.4.*10.^-8.*co2_net.^2; 
gCO2=g.*(1.4-0.4.*(co2_net./330)); 
fCO2=gCO2./330; 
  
%Incorporated to account for smaller plant area than general farming applications 
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%Top Canopy Area calculated by imaging MATLAB code 
TCA=area_canopy; %mm^2  
  
%Calculate ET rate, simplify equation be separating into variables A,B,C,D 
%ET_ref=((A+B)/C)*D 
  
A=0.408.*delta.*Rnet; 
B=y.*(37./(T+273))*u2.*VPD; 
C=delta+y.*(1+(.34*u2./fCO2)); 
  
ET_ref=((A+B)./C); %mm/hr 
  
water_usage=ET_ref*.000997*TCA %g/hr  
  
plot(time,water_usage,'o-') 
title('ET Transpiration for Test 1') 
xlabel('time, hours')  
ylabel('water evaporated g/hr/mm^2 leaf area') 
  
Code C3. Top Canopy Imaging Area 
im1=imread('reference.jpeg'); %find amount of pixels in reference  
  
imsmooth1=imgaussfilt(im,3); %Apply Gausssian filter 
imshow(imsmooth1); 
  
gray1=rgb2gray(imsmooth1); %Convert RGB color to grayscale 
  
BW1 = imbinarize(gray1); %Binarize grayscale image, make black and white 
  
I = imcomplement(BW1); %reverse black and white counterparts of the image, white area is counted 
imshow(I); 
  
white_pixels_quarter=sum(I, 'all'); %count area of white pixels  
  
area_of_reference = 645.16  
% area = 645.16 mm2 if using 1 in2 reference or 462.1926 mm2 if using quarter 
pixels_per_mm_squared = white_pixels_ref/area_of_ref; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%find pixels in lettuce 
im2=imread('lettuce.jpeg'); %read image from file 
  
imsmooth2=imgaussfilt(im2,3); %Apply Gausssian filter 
imshow(imsmooth2); 
  
gray2=rgb2gray(imsmooth2); %Convert RGB color to grayscale 
  
BW2 = imbinarize(gray2); %Binarize grayscale image, make black and white 
   
K = imcomplement(BW2); %reverse black and white counterparts of the image, white area is counted 
imshow(K); 
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white_pixels_lettuce=sum(K, 'all'); %count area of white pixels  
  
%find area of lettuce in mm2 
%divide the number of pixels in lettuce by pixels per mm2 and subtract the pixels in the reference  
lettuce_area_mm2= (white_pixels_lettuce/pixels_per_mm_squared) - pixels_per_mm_squared; 
 
Code C4. GUI 
classdef Et_input < matlab.apps.AppBase 
  
    % Properties that correspond to app components 
    properties (Access = public) 
        UIFigure                      matlab.ui.Figure 
        GenerateButton                matlab.ui.control.Button 
        TemperatureCEditFieldLabel    matlab.ui.control.Label 
        TemperatureCEditField         matlab.ui.control.NumericEditField 
        HumidityEditFieldLabel        matlab.ui.control.Label 
        HumidityEditField             matlab.ui.control.NumericEditField 
        Reset                         matlab.ui.control.Button 
        DesiredETghrmm2DropDownLabel  matlab.ui.control.Label 
        DesiredETghrmm2DropDown       matlab.ui.control.DropDown 
        Image                         matlab.ui.control.Image 
        Image2                        matlab.ui.control.Image 
        Image3                        matlab.ui.control.Image 
        UIAxes2                       matlab.ui.control.UIAxes 
        UIAxes                        matlab.ui.control.UIAxes 
    end 
  
    % Callbacks that handle component events 
    methods (Access = private) 
  
        % Button pushed function: GenerateButton 
        function GenerateButtonPushed(app, event) 
          
ET=str2double(app.DesiredETghrmm2DropDown.Value) %get user input  
app.Image.ImageSource = imread('module2.jpg') 
excel= readtable('Et_analysis - Copy.xlsx');  %puts excel data into double with headers  
y=table2array(excel(:, "AvgMeauredET_g_hr_")); %create plots 
x=table2array(excel(:, "Vpd_psi_")); 
  
p = polyfit(x, y, 1); 
px = [min(x) max(x)]; 
py = polyval(p, px); 
hold(app.UIAxes,'on') 
for k= 1:length(y) 
    
    hold (app.UIAxes, 'on') 
    scatter(app.UIAxes, x(1:k),y(1:k), 'blue') 
    pause(0.2) 
    xlim(app.UIAxes, [0.1 0.4]) 
    ylim(app.UIAxes, [1 3.5]) 
end 
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plot(app.UIAxes,px,py,'red'); 
  
excel1=xlsread('Et_analysis - Copy.xlsx') %puts excel data into double without headers 
n= excel1(:,1) %puts ET from table into double 
m = n == ET %finds where user input = experimental ET 
app.TemperatureCEditField.Value = excel1(m,3) %finds corresponding temperature 
vpd = excel1(m,4); %finds corresponding vpd 
app.HumidityEditField.Value = excel1(m,2); %finds corresponding humidity  
plot(app.UIAxes,vpd,ET,'*') 
  
x2= table2array(excel(:,"RH_avg")); 
x3=table2array(excel(:,"Temp_avg")); 
p1= polyfit(x2,y,1); 
pxx = [min(x2) max(x2)]; 
pyy = polyval(p1, pxx); 
p2=polyfit(x3,y,1); 
pxxx = [min(x3) max(x3)]; 
pyyy = polyval(p2, pxxx); 
  
plot(app.UIAxes2, pxx, pyy, 'blue', pxxx, pyyy, 'red') 
  
  
for l= 1:length(y) 
    
    hold (app.UIAxes2, 'on') 
    scatter(app.UIAxes2, x2(1:l),y(1:l), 'blue') 
    pause(0.2) 
    xlim(app.UIAxes2, [22 74]) 
    ylim(app.UIAxes2, [1 3.5]) 
end 
  
for m= 1:length(y) 
    
    hold (app.UIAxes2, 'on') 
    scatter(app.UIAxes2, x3(1:m),y(1:m), 'red') 
    pause(0.2) 
    xlim(app.UIAxes2, [22 74]) 
    ylim(app.UIAxes2, [1 3.5]) 
end 
  
plot(app.UIAxes2,app.TemperatureCEditField.Value,ET,'* red') 
plot(app.UIAxes2,app.HumidityEditField.Value, ET, '* blue') 
legend(app.UIAxes2, 'Relative Humidity','Temperature') 
  
%%%%%% 
        end 
  
        % Button pushed function: Reset 
        function ResetButtonPushed(app, event) 
           %%check over this 
            %app.DesiredETghrmm2EditField.Value = 0; %clear user input in the text box  
            app.HumidityEditField.Value = 0; 
            app.TemperatureCEditField.Value =0; 
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            %app.WindspeedmsEditField.Value =0; 
            %cla(app.UIAxes) 
            app.UIAxes.cla; 
            hold(app.UIAxes,'off') 
            app.Image.ImageSource= imread('module1.jpeg') 
  
        end 
    end 
  
    % Component initialization 
    methods (Access = private) 
  
        % Create UIFigure and components 
        function createComponents(app) 
  
            % Create UIFigure and hide until all components are created 
            app.UIFigure = uifigure('Visible', 'off'); 
            app.UIFigure.Color = [0.4314 0.7333 0.6706]; 
            app.UIFigure.Colormap = [0.2431 0.149 0.6588;0.2431 0.1529 0.6745;0.2471 0.1569 0.6863;0.2471 0.1608 
0.698;0.251 0.1647 0.7059;0.251 0.1686 0.7176;0.2549 0.1725 0.7294;0.2549 0.1765 0.7412;0.2588 0.1804 
0.749;0.2588 0.1843 0.7608;0.2627 0.1882 0.7725;0.2627 0.1922 0.7843;0.2627 0.1961 0.7922;0.2667 0.2 
0.8039;0.2667 0.2039 0.8157;0.2706 0.2078 0.8235;0.2706 0.2157 0.8353;0.2706 0.2196 0.8431;0.2745 0.2235 
0.851;0.2745 0.2275 0.8627;0.2745 0.2314 0.8706;0.2745 0.2392 0.8784;0.2784 0.2431 0.8824;0.2784 0.2471 
0.8902;0.2784 0.2549 0.898;0.2784 0.2588 0.902;0.2784 0.2667 0.9098;0.2784 0.2706 0.9137;0.2784 0.2745 
0.9216;0.2824 0.2824 0.9255;0.2824 0.2863 0.9294;0.2824 0.2941 0.9333;0.2824 0.298 0.9412;0.2824 0.3059 
0.9451;0.2824 0.3098 0.949;0.2824 0.3137 0.9529;0.2824 0.3216 0.9569;0.2824 0.3255 0.9608;0.2824 0.3294 
0.9647;0.2784 0.3373 0.9686;0.2784 0.3412 0.9686;0.2784 0.349 0.9725;0.2784 0.3529 0.9765;0.2784 0.3569 
0.9804;0.2784 0.3647 0.9804;0.2745 0.3686 0.9843;0.2745 0.3765 0.9843;0.2745 0.3804 0.9882;0.2706 0.3843 
0.9882;0.2706 0.3922 0.9922;0.2667 0.3961 0.9922;0.2627 0.4039 0.9922;0.2627 0.4078 0.9961;0.2588 0.4157 
0.9961;0.2549 0.4196 0.9961;0.251 0.4275 0.9961;0.2471 0.4314 1;0.2431 0.4392 1;0.2353 0.4431 1;0.2314 0.451 
1;0.2235 0.4549 1;0.2196 0.4627 0.9961;0.2118 0.4667 0.9961;0.2078 0.4745 0.9922;0.2 0.4784 0.9922;0.1961 
0.4863 0.9882;0.1922 0.4902 0.9882;0.1882 0.498 0.9843;0.1843 0.502 0.9804;0.1843 0.5098 0.9804;0.1804 
0.5137 0.9765;0.1804 0.5176 0.9725;0.1804 0.5255 0.9725;0.1804 0.5294 0.9686;0.1765 0.5333 0.9647;0.1765 
0.5412 0.9608;0.1765 0.5451 0.9569;0.1765 0.549 0.9529;0.1765 0.5569 0.949;0.1725 0.5608 0.9451;0.1725 
0.5647 0.9412;0.1686 0.5686 0.9373;0.1647 0.5765 0.9333;0.1608 0.5804 0.9294;0.1569 0.5843 0.9255;0.1529 
0.5922 0.9216;0.1529 0.5961 0.9176;0.149 0.6 0.9137;0.149 0.6039 0.9098;0.1451 0.6078 0.9098;0.1451 0.6118 
0.9059;0.1412 0.6196 0.902;0.1412 0.6235 0.898;0.1373 0.6275 0.898;0.1373 0.6314 0.8941;0.1333 0.6353 
0.8941;0.1294 0.6392 0.8902;0.1255 0.6471 0.8902;0.1216 0.651 0.8863;0.1176 0.6549 0.8824;0.1137 0.6588 
0.8824;0.1137 0.6627 0.8784;0.1098 0.6667 0.8745;0.1059 0.6706 0.8706;0.102 0.6745 0.8667;0.098 0.6784 
0.8627;0.0902 0.6824 0.8549;0.0863 0.6863 0.851;0.0784 0.6902 0.8471;0.0706 0.6941 0.8392;0.0627 0.698 
0.8353;0.0549 0.702 0.8314;0.0431 0.702 0.8235;0.0314 0.7059 0.8196;0.0235 0.7098 0.8118;0.0157 0.7137 
0.8078;0.0078 0.7176 0.8;0.0039 0.7176 0.7922;0 0.7216 0.7882;0 0.7255 0.7804;0 0.7294 0.7765;0.0039 0.7294 
0.7686;0.0078 0.7333 0.7608;0.0157 0.7333 0.7569;0.0235 0.7373 0.749;0.0353 0.7412 0.7412;0.051 0.7412 
0.7373;0.0627 0.7451 0.7294;0.0784 0.7451 0.7216;0.0902 0.749 0.7137;0.102 0.7529 0.7098;0.1137 0.7529 
0.702;0.1255 0.7569 0.6941;0.1373 0.7569 0.6863;0.1451 0.7608 0.6824;0.1529 0.7608 0.6745;0.1608 0.7647 
0.6667;0.1686 0.7647 0.6588;0.1725 0.7686 0.651;0.1804 0.7686 0.6471;0.1843 0.7725 0.6392;0.1922 0.7725 
0.6314;0.1961 0.7765 0.6235;0.2 0.7804 0.6157;0.2078 0.7804 0.6078;0.2118 0.7843 0.6;0.2196 0.7843 
0.5882;0.2235 0.7882 0.5804;0.2314 0.7882 0.5725;0.2392 0.7922 0.5647;0.251 0.7922 0.5529;0.2588 0.7922 
0.5451;0.2706 0.7961 0.5373;0.2824 0.7961 0.5255;0.2941 0.7961 0.5176;0.3059 0.8 0.5059;0.3176 0.8 
0.498;0.3294 0.8 0.4863;0.3412 0.8 0.4784;0.3529 0.8 0.4667;0.3686 0.8039 0.4549;0.3804 0.8039 0.4471;0.3922 
0.8039 0.4353;0.4039 0.8039 0.4235;0.4196 0.8039 0.4118;0.4314 0.8039 0.4;0.4471 0.8039 0.3922;0.4627 0.8 
0.3804;0.4745 0.8 0.3686;0.4902 0.8 0.3569;0.5059 0.8 0.349;0.5176 0.8 0.3373;0.5333 0.7961 0.3255;0.5451 
0.7961 0.3176;0.5608 0.7961 0.3059;0.5765 0.7922 0.2941;0.5882 0.7922 0.2824;0.6039 0.7882 0.2745;0.6157 
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0.7882 0.2627;0.6314 0.7843 0.251;0.6431 0.7843 0.2431;0.6549 0.7804 0.2314;0.6706 0.7804 0.2235;0.6824 
0.7765 0.2157;0.698 0.7765 0.2078;0.7098 0.7725 0.2;0.7216 0.7686 0.1922;0.7333 0.7686 0.1843;0.7451 0.7647 
0.1765;0.7608 0.7647 0.1725;0.7725 0.7608 0.1647;0.7843 0.7569 0.1608;0.7961 0.7569 0.1569;0.8078 0.7529 
0.1529;0.8157 0.749 0.1529;0.8275 0.749 0.1529;0.8392 0.7451 0.1529;0.851 0.7451 0.1569;0.8588 0.7412 
0.1569;0.8706 0.7373 0.1608;0.8824 0.7373 0.1647;0.8902 0.7373 0.1686;0.902 0.7333 0.1765;0.9098 0.7333 
0.1804;0.9176 0.7294 0.1882;0.9255 0.7294 0.1961;0.9373 0.7294 0.2078;0.9451 0.7294 0.2157;0.9529 0.7294 
0.2235;0.9608 0.7294 0.2314;0.9686 0.7294 0.2392;0.9765 0.7294 0.2431;0.9843 0.7333 0.2431;0.9882 0.7373 
0.2431;0.9961 0.7412 0.2392;0.9961 0.7451 0.2353;0.9961 0.7529 0.2314;0.9961 0.7569 0.2275;0.9961 0.7608 
0.2235;0.9961 0.7686 0.2196;0.9961 0.7725 0.2157;0.9961 0.7804 0.2078;0.9961 0.7843 0.2039;0.9961 0.7922 
0.2;0.9922 0.7961 0.1961;0.9922 0.8039 0.1922;0.9922 0.8078 0.1922;0.9882 0.8157 0.1882;0.9843 0.8235 
0.1843;0.9843 0.8275 0.1804;0.9804 0.8353 0.1804;0.9765 0.8392 0.1765;0.9765 0.8471 0.1725;0.9725 0.851 
0.1686;0.9686 0.8588 0.1647;0.9686 0.8667 0.1647;0.9647 0.8706 0.1608;0.9647 0.8784 0.1569;0.9608 0.8824 
0.1569;0.9608 0.8902 0.1529;0.9608 0.898 0.149;0.9608 0.902 0.149;0.9608 0.9098 0.1451;0.9608 0.9137 
0.1412;0.9608 0.9216 0.1373;0.9608 0.9255 0.1333;0.9608 0.9333 0.1294;0.9647 0.9373 0.1255;0.9647 0.9451 
0.1216;0.9647 0.949 0.1176;0.9686 0.9569 0.1098;0.9686 0.9608 0.1059;0.9725 0.9686 0.102;0.9725 0.9725 
0.0941;0.9765 0.9765 0.0863;0.9765 0.9843 0.0824]; 
            app.UIFigure.Position = [100 100 733 568]; 
            app.UIFigure.Name = 'UI Figure'; 
  
            % Create GenerateButton 
            app.GenerateButton = uibutton(app.UIFigure, 'push'); 
            app.GenerateButton.ButtonPushedFcn = createCallbackFcn(app, @GenerateButtonPushed, true); 
            app.GenerateButton.Position = [82 374 100 22]; 
            app.GenerateButton.Text = 'Generate'; 
  
            % Create TemperatureCEditFieldLabel 
            app.TemperatureCEditFieldLabel = uilabel(app.UIFigure); 
            app.TemperatureCEditFieldLabel.HorizontalAlignment = 'right'; 
            app.TemperatureCEditFieldLabel.Position = [82 316 93 22]; 
            app.TemperatureCEditFieldLabel.Text = 'Temperature (C)'; 
  
            % Create TemperatureCEditField 
            app.TemperatureCEditField = uieditfield(app.UIFigure, 'numeric'); 
            app.TemperatureCEditField.Position = [190 316 100 22]; 
  
            % Create HumidityEditFieldLabel 
            app.HumidityEditFieldLabel = uilabel(app.UIFigure); 
            app.HumidityEditFieldLabel.HorizontalAlignment = 'right'; 
            app.HumidityEditFieldLabel.Position = [101 252 74 22]; 
            app.HumidityEditFieldLabel.Text = 'Humidity (%)'; 
  
            % Create HumidityEditField 
            app.HumidityEditField = uieditfield(app.UIFigure, 'numeric'); 
            app.HumidityEditField.Position = [190 252 100 22]; 
  
            % Create Reset 
            app.Reset = uibutton(app.UIFigure, 'push'); 
            app.Reset.ButtonPushedFcn = createCallbackFcn(app, @ResetButtonPushed, true); 
            app.Reset.Position = [82 191 100 22]; 
            app.Reset.Text = 'Reset'; 
  
            % Create DesiredETghrmm2DropDownLabel 
            app.DesiredETghrmm2DropDownLabel = uilabel(app.UIFigure); 
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            app.DesiredETghrmm2DropDownLabel.HorizontalAlignment = 'right'; 
            app.DesiredETghrmm2DropDownLabel.Position = [15 444 127 22]; 
            app.DesiredETghrmm2DropDownLabel.Text = 'Desired ET (g/hr/mm2)'; 
  
            % Create DesiredETghrmm2DropDown 
            app.DesiredETghrmm2DropDown = uidropdown(app.UIFigure); 
            app.DesiredETghrmm2DropDown.Items = {'1.3440', '1.4160', '1.4220', '1.7940', '1.8420', '2.1180', '2.1240', 
'2.2080', '2.5620', '3.2100', '3.3600', '3.4620'}; 
            app.DesiredETghrmm2DropDown.Position = [148 444 100 22]; 
            app.DesiredETghrmm2DropDown.Value = '1.3440'; 
  
            % Create Image 
            app.Image = uiimage(app.UIFigure); 
            app.Image.Position = [72 16 423 214]; 
            app.Image.ImageSource = 'module1.jpeg'; 
  
            % Create Image2 
            app.Image2 = uiimage(app.UIFigure); 
            app.Image2.Position = [15 293 68 68]; 
            app.Image2.ImageSource = 'themom.png'; 
  
            % Create Image3 
            app.Image3 = uiimage(app.UIFigure); 
            app.Image3.Position = [1 229 93 56]; 
            app.Image3.ImageSource = 'drop.png'; 
  
            % Create UIAxes2 
            app.UIAxes2 = uiaxes(app.UIFigure); 
            title(app.UIAxes2, 'Evapotranspiration vs Temperature and Humidity') 
            xlabel(app.UIAxes2, 'Temperature (C) and Humidity (%)') 
            ylabel(app.UIAxes2, 'Evapotranspiration (g/hr/mm2)') 
            app.UIAxes2.Position = [404 316 295 220]; 
  
            % Create UIAxes 
            app.UIAxes = uiaxes(app.UIFigure); 
            title(app.UIAxes, 'Evapotranspiration vs Vapor Pressure Deficit ') 
            xlabel(app.UIAxes, 'Vapor Pressure Deficit (psi)') 
            ylabel(app.UIAxes, 'Evapotranspiration (g/hr/mm2)') 
            app.UIAxes.PlotBoxAspectRatio = [1.5 1 1]; 
            app.UIAxes.Position = [404 65 295 220]; 
  
            % Show the figure after all components are created 
            app.UIFigure.Visible = 'on'; 
        end 
    end 
  
    % App creation and deletion 
    methods (Access = public) 
  
        % Construct app 
        function app = Et_input 
  
            % Create UIFigure and components 
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            createComponents(app) 
  
            % Register the app with App Designer 
            registerApp(app, app.UIFigure) 
  
            if nargout == 0 
                clear app 
            end 
        end 
  
        % Code that executes before app deletion 
        function delete(app) 
  
            % Delete UIFigure when app is deleted 
            delete(app.UIFigure) 
        end 
    end 
end 
 
Code C5. Arduino 
#include <Servo.h> 
Servo Top_servo; 
Servo Bot_servo; 
  
const int Top_fan = 2; 
unsigned long start_time; 
int sensorValue1 = 0;         
int sensorValue2 = 0;        
const int RELAY_PIN = 6; 
const int RELAY_PIN2 = 7; 
int TargetH = 55; 
int TargetT = 25; 
  
void setup() { 
  // initialize serial communications at 9600 bps: 
TCCR2B = TCCR2B & B11111000 | B00000001; // for PWM frequency of 31372.55 Hz 
  pinMode(9,OUTPUT); 
  analogWrite(9,0); 
  Bot_servo.attach(3); 
  Top_servo.attach(5); 
  Serial.begin(9600); 
  
  pinMode(Top_fan, OUTPUT); 
  analogWrite(Top_fan, 240); 
  pinMode(RELAY_PIN, OUTPUT); 
  pinMode(RELAY_PIN2, OUTPUT); 
  digitalWrite(RELAY_PIN, HIGH); 
  digitalWrite(RELAY_PIN2, HIGH); 
} 
  
void loop() { 
  // read the analog in value: 
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  sensorValue1 = analogRead(A3); 
  sensorValue2 = analogRead(A1); 
  float Humidity = sensorValue1*(5.000/1023.000)*100; 
  float Temperature = sensorValue2*(5.000/1023.000)*100-40; 
  
  
  if (Humidity>TargetH || Temperature > TargetT ){ 
     
    Bot_servo.write(90); 
    Top_servo.write(90); 
    analogWrite(Top_fan, 240); 
    
    while (Humidity > (TargetH-1) || Temperature > (TargetT-1)){ 
    sensorValue1 = analogRead(A3); 
    sensorValue2 = analogRead(A1); 
    float Humidity= sensorValue1*(5.000/1023.000)*100; 
    float Temperature= sensorValue2*(5.000/1023.000)*100-40; 
    delay(500); 
     
    Serial.print(Humidity, 1); 
    Serial.print(",");  
    Serial.print(Temperature, 1); 
    Serial.print(",");  
    Serial.println(); 
    if (Humidity < (TargetH-1) && Temperature < (TargetT-1)){ 
     break;  
     } 
  } 
    analogWrite(Top_fan, 0); 
    Bot_servo.write(-90); 
    Top_servo.write(-90); 
  } 
  else{ 
    analogWrite(Top_fan, 0); 
    Bot_servo.write(-90); 
    Top_servo.write(-90); 
  } 
  Serial.print(Humidity, 1); 
    Serial.print(",");  
    Serial.print(Temperature, 1); 
    Serial.print(",");  
    Serial.println(); 
  delay(500); 
} 
 


